Purpose: The craniosynostoses are characterized by premature fusion of one or more cranial sutures. The relative contribution of previously reported genes to craniosynostosis in large cohorts is unclear. Here we report on the use of a massively parallel sequencing panel in individuals with craniosynostosis without a prior molecular diagnosis.
INTRODUCTION
Craniosynostoses are malformations of the developing skull characterized by the premature fusion of one or more cranial sutures. They have marked phenotypic and allelic heterogeneity and are classified into nonsyndromic and syndromic forms. Nonsyndromic craniosynostosis is an isolated finding and is classified according to the suture(s) involved.
Syndromic craniosynostoses are associated with other malformations and typically have a monogenic etiology.
Early diagnosis and multidisciplinary team management play key roles in preventing clinical sequelae of untreated craniosynostosis, which can include raised intracranial pressure, visual impairment, sleep abnormalities, facial dysmorphism, and developmental delay. 1 Surgical treatment of craniosynostosis is currently guided by the severity and age of onset of craniofacial abnormalities, rather than genetic etiology. However, genetic causes are more likely to require secondary craniofacial surgery or develop extracranial complications, such as requirements for hearing aids and for upper-limb surgery; a notable exception is craniosynostosis due to TCF12 variants, which has a more benign course and is less likely to require secondary craniofacial surgery. [2] [3] [4] A molecular diagnosis can therefore reveal gene-specific prognoses for patients and guide reproductive genetic counseling.
Genetic testing for craniosynostosis in this laboratory has historically been limited to a range of hot-spot regions in FGFR1, FGFR2, FGFR3, and the single coding exon of TWIST1. 1 These were the first craniofacial genes of major effect to be identified and contain gain-of-function variants associated with Crouzon, Pfeiffer, Muenke, Apert, SaethreChotzen, and Antley-Bixler syndromes ( Table 1) . This targeted approach identifies a causative variant in approximately 71-75% of probands with syndromic craniosynostosis, but rarely in those with nonsyndromic unisutural craniosynostosis. 1, 5, 6 Additional genes have been identified more recently, associated with a range of autosomal dominant, autosomal recessive, and X-linked craniosynostoses; most notably, TCF12 (coronal), ERF (sagittal, lambdoid), FREM1 (metopic), and EFNA4 (coronal). 3, [7] [8] [9] The relative causative contributions of these genes in a clinically ascertained cohort from a multidisciplinary craniofacial clinic is unclear. Routine testing of an expanded list of genes was previously not feasible owing to considerations of cost and scale, but is now possible using massively parallel sequencing (MPS). The ability of MPS to test multiple genes simultaneously lends itself to testing in disorders that display locus heterogeneity, such as the craniosynostoses, and genes where variants are not clustered within hot-spot exons, such as TCF12.
In view of these newly identified genes, and the potential for improved diagnostic yield through MPS of multiple genes, a 20-gene custom AmpliSeq panel was designed and clinically validated on the Ion Proton sequencing instrument. Variantnegative individuals with craniosynostosis were retrospectively tested to establish analytical validity and the relative causative contribution of these craniosynostosis genes. Additional individuals with craniosynostosis were prospectively tested to verify clinical utility in an unselected referral cohort.
MATERIALS AND METHODS

Subjects
The subjects in this study included a retrospective cohort of previously undiagnosed patients (N = 233), as well as a prospective patient cohort (N = 76). Retrospective analysis used archived DNA from patients referred to a clinically accredited laboratory, who did not have a molecular diagnosis after Sanger sequencing of hot-spot regions. Referrals were received from clinical geneticists and plastic surgeons. Regions previously tested included FGFR1 exon 7 (NM_023110.2), FGFR2 exons 8, 10, and 11 (NM_000141.4), and FGFR3 exons 7 and 10 (NM_000142.4). In patients with clinically suspected Saethre-Chotzen syndrome, exon 1 of TWIST1 (NM_000474.3) had also been Sanger sequenced, in conjunction with multiplex ligation-dependent probe amplification to detect copy-number changes.
Patient selection in the retrospective cohort was enriched for those with nonsyndromic coronal craniosynostosis (N = 100, 43%), but also included patients with clinically suspected Saethre-Chotzen syndrome (N = 24, 10%), other singlesuture craniosynostosis (N = 18, 8%), multisutural craniosynostosis (N = 27, 11%), other syndromic craniosynostosis (N = 44, 19%), and nonspecific phenotypes (N = 20, 9%). Nonspecific phenotypes included craniosynostosis not otherwise specified, other cranial abnormalities (e.g. parietooccipital skull defect), or clinical features suggestive of craniosynostosis or a syndromic diagnosis without further elaboration (e.g. brachycephaly, hypertelorism). Within the single-suture group, there were eight patients with metopic, eight with sagittal, and two with lambdoid craniosynostosis. The syndromic craniosynostosis group included patients with clinically suspected Crouzon, Apert, Pfeiffer, Muenke, BeareStevenson, Antley-Bixler, Baller-Gerold, Carpenter, and LADD (lacrimo-auriculo-dento-digital) syndromes.
The prospective cohort of 76 individuals consisted of 25 (33%) with nonsyndromic coronal craniosynostosis, 15 (20%) with other single suture craniosynostoses, 13 (17%) with multisutural craniosynostosis, 18 (24%) with syndromic craniosynostosis, and 5 (6%) with nonspecific phenotypes. Within the single suture group, there were 5 patients with metopic and 10 with sagittal craniosynostosis. The syndromic craniosynostosis group included patients with clinically suspected Crouzon, Pfeiffer, and Muenke syndromes, as well as cleidocranial dysplasia. TWIST1 sequencing and multiplex ligation-dependent probe amplification were also performed when Saethre-Chotzen syndrome was noted as a differential diagnosis on the request form.
Sequencing panel design
The genes included in the custom-designed panel were determined on the basis of an association with craniosynostosis in peer-reviewed literature, with a focus on clinical utility in the context of a typical craniofacial-clinic referral base ( Table 1 ). The TWIST1 gene was not included on the panel owing to its GC-rich sequence and the relatively poor coverage of such regions using MPS.
DNA extraction and sequencing DNA extraction methods for these samples included manual ammonium acetate extraction, the EZ1 DNA Blood 350 μl kit, and the QIAsymphony DNA Midi kit. Samples were quantified using the Qubit fluorometer (Life Technologies, Carlsbad, CA) and the Qubit dsDNA BR assay kit. Target regions were amplified using 10 ng of DNA with a custom designed Ion Torrent AmpliSeq panel ( 
Data analysis and quality control
Primary and secondary data analysis was performed using the manufacturer's Torrent Suite software v4.2.1, including Coverage Analysis (v4.2.1.4) and Variant Caller (v4.2.1.0) plug-ins. The Variant Caller used a modified high-stringency germline configuration, with a quality-score threshold of 100, minimum coverage of 10 reads, and minimum allele frequency of 0.1. Because of a relative lack of vertical coverage in a known FGFR3 hot-spot region (exon 7), a "hot spot" file was used to circumvent quality thresholds and highlight all known pathogenic variants in this region, irrespective of variant-calling criteria across the panel. Several key parameters were identified for assessing run-and-sample data quality, including mean read length, total number of mapped reads, average base-coverage depth, percentage of assigned amplicon reads, and uniformity of base coverage. The upper and lower limits for these parameters were defined as ± 2 standard deviations from the mean, and calculated from preliminary runs. Copy-number and structural variants were not analyzed.
Variants were annotated using the GEnome MINIng (v0.14.0) platform 10 and the Ensembl Variant Effect Predictor (http://asia.ensembl.org/info/docs/tools/vep/index.html). These were then filtered in an SQL database to exclude variants with a population minor allele frequency greater than 0.1% in the Exome Aggregation Consortium database (v0.3.1), variants located more than 10 bp from a coding region, and variants confirmed as recurrent sequencing artifacts by confirmatory Sanger sequencing. Remaining variants were prioritized according to predicted functional impact, population allele frequency, Combined Annotation Dependent Depletion 11 and other in silico prediction tools (including Grantham score, Align-GVGD, SIFT, and PolyPhen-2). Locus-specific and general database searches, online searches for relevant literature, and correlations with the stated phenotypes and family histories were performed. Community standards for the interpretation of sequence variants were used to determine variant classification. 12 Novel missense variants were also evaluated using the HOPE protein analysis server (http://www.cmbi.ru.nl/hope/), which builds predictive protein models using the Yasara and WHAT IF Twinset. [13] [14] [15] Sanger sequencing was used to confirm all pathogenic and likely pathogenic variants identified by MPS.
RESULTS
Clinically significant variants identified in the retrospective cohort
Thirty-three heterozygous non FGFR1-3 variants were identified and classified as likely pathogenic or pathogenic ( Table 2) . No homozygous or compound heterozygous genotypes were identified. A total of 18 variants were identified in TCF12 (55%), 6 in EFNB1 (18%), 2 in ALX4, 2 in POR, 2 in FGF10, and 1 each in EFNA4, IL11RA, and ERF. The majority of variants were identified in genes associated with autosomal dominant (73%) or X-linked phenotypes (18%). Although both POR and IL11RA are associated with autosomal recessive phenotypes, only a single pathogenic or likely pathogenic allele was identified in three patients. A second pathogenic allele was not identified in any of these individuals despite reanalysis with relaxed filtering criteria. Twenty-two variants were predicted to result in premature stop codons, 8 predicted to be missense, and 3 predicted to lead to aberrant splicing (affecting canonical splice sites ± 2 bp outside coding regions). The majority of pathogenic variants were truncating or previously described missense variants. Two novel missense variants were classified as pathogenic or likely pathogenic (EFNB1 p.Leu60Pro, ALX4 p. Tyr238Asp), using criteria including absence from population databases, amino-acid conservation, location within a functional protein domain, in silico prediction scores, protein modeling software, and comparison to known variant spectra in these genes. The total diagnostic yield in the retrospective cohort was 14% (33/233). The diagnostic yield was 16% (16/100) in individuals with non-syndromic coronal craniosynostosis, 17% (4/24) in clinically suspected Saethre-Chotzen syndrome, 6% (1/18) in other single suture craniosynostoses, 4% (1/27) in multisutural craniosynostosis, 16% (7/44) in other syndromic craniosynostoses, and 20% (4/20) in those with non-specific phenotypes.
Clinically significant variants identified in the prospective cohort
Twenty-one heterozygous pathogenic or likely pathogenic variants were detected in the prospective cohort of 76 individuals, for a diagnostic yield of 28% ( Table 2) . No homozygous or compound heterozygous genotypes were identified. Eleven of the variants were in FGFR1-3. The remaining 10 variants included 4 in TCF12, 2 in EFNB1, 2 in ERF, and 2 in POR (in two separate individuals). The majority of pathogenic variants were truncating or previously described missense variants. No clinically significant novel missense variants were identified. When individuals with FGFR1-3 variants were not considered, the diagnostic yield in the prospective cohort was 15%, similar to the diagnostic yield in the retrospective cohort.
Test performance characteristics
The mean number of variants identified per sample was 67 (SD ± 7) after filtering by quality score alone. On average, the number of variants was then reduced to 1 (SD ± 1) after filtering for variants o10 bp from a coding region with a minor allele frequency o0.1%, and excluding recurrent sequencing artifacts.
Adequate horizontal coverage was arbitrarily defined as more than 50 reads in any direction in any region. By this definition, 88% of the coding regions (±10 bp) of the genes tested had sufficient horizontal coverage. In individual genes, this value ranged from 61.5% to 100%, with a median of 94.8%. All FGFR1-3 hot-spot regions previously interrogated by Sanger sequencing met this criterion, with the exception of FGFR3 exon 7. As a result of using a "hot spot" file to prevent false-negative calls in this region, all true-positive samples were identified, together with six false-positive results. The latter represented 3% of the tested cohort. Vertical coverage metrics included a mean base-coverage depth of 6,100 reads (2 SD 1,700-10,400), uniformity of base coverage of 84.1% (2 SD 76.9-91.2), and mean percentage of assigned amplicon reads of 95.8% (2 SD 86.3-100). Mean read length across all runs was 140 bp (2 SD 130-150). For heterozygous variants deemed clinically significant and confirmed by Sanger sequencing, the proportion of MPS reads ("variant allele frequency") for a variant ranged between 40.2% and 59.4%.
As this retrospective cohort had not been genotyped by an orthogonal method, the rate of false negatives could not be ascertained. We therefore tested an additional 24 samples with known FGFR1-3 or TWIST1 pathogenic variants, in order to compare test performance characteristics with the currently available Sanger sequencing screen. Twenty of these samples had substitution variants, and 4 samples had deletions or insertions. The sensitivity of the assay for previously identified sequence variants in FGFR1-3 was 93.8%. Two false-negative results were identified; a large 58 bp duplication (FGFR2:c.1139_1196dup58), and a complex indel (FGFR2:c.820_824delinsTT). 16 The specificity of the assay was 94.6%, owing to false-positive variants in FGFR3 exon 7 resulting from use of the "hot spot" file. The positive predictive value was 83.3% and the negative predictive value was 98.1%.
DISCUSSION
We assessed the analytical validity and clinical utility of a custom MPS gene panel for craniosynostosis in a large cohort of FGFR1-3 and TWIST1 variant-negative individuals. Pathogenic or likely pathogenic variants were identified in 14% of a retrospective cohort of 233 individuals without a prior molecular diagnosis, most commonly in genes TCF12 and EFNB1. Further unselected, prospective testing in 76 individuals showed a comparable diagnostic yield of 15% in those without variants in FGFR1-3 or TWIST1. Variants were identified most frequently in TCF12, EFNB1, and ERF.
By preemptively excluding many of the common, recurrent variants in hot-spot regions of FGFR1-3 and TWIST1, we explored whether genetic testing in additional genes would yield causative variants. Other studies have explored a similar question, but these included fewer genes and did not use MPS. 4, 17 There has only been one other study of a large, diverse, previously undiagnosed craniosynostosis cohort using MPS, 16 which was performed by whole-exome sequencing. This approach resulted in a higher diagnostic yield of 37.5%, compared with 28% in the prospective cohort of our study; however, it is difficult to directly compare the characteristics of the two cohorts. A whole-exome or -genome approach offers the opportunity to test many more genes, and is amenable to reanalysis when additional genes are discovered later, but has the potential for discovery of incidental findings. 18 A virtual panel that restricts exome data analysis to a selection of genes (such as the genes included in our panel) may be an ideal compromise between exome and panel approaches.
This study identified 22 TCF12 variants, representing 18/ 233 (8%) of the retrospective cohort and 4/76 (5%) of the prospective cohort. These account for 55% and 36% of all non-FGFR pathogenic variants identified in the retrospective and prospective cohorts, respectively. Our findings in the TCF12 gene are similar to those of other studies, which have identified TCF12 variants in 7% of an undifferentiated craniosynostosis cohort, 17 and 6% of individuals with coronal craniosynostosis. 3 We identified frameshift, nonsense, and splice-site TCF12 variants in exons 9-20 inclusive, supporting the previously noted predominance of variants in the 3′ region of the gene. 3, 17, 19 Five individuals referred with a clinical diagnosis of Saethre-Chotzen syndrome were identified as having variants in TCF12 or EFNB1, consistent with findings of other studies. 19 This confirms the difficulty of clinically identifying the causative gene for a presentation of Saethre-Chotzen syndrome without the aid of molecular testing, given its known genetic heterogeneity. It also highlights the importance of the balance between TCF12 and TWIST1 in TCF12/TWIST1 heterodimer formation and coronal suture development. 3, 19 These results strongly support the inclusion of TCF12 testing when pathogenic variants are not identified in FGFR1-3 and TWIST1, in individuals with nonsyndromic coronal craniosynostosis or clinically suspected Saethre-Chotzen syndrome. This is supported by other studies that assert that TCF12 testing should be performed in individuals with unilateral or bilateral coronal synostosis, and in patients with Saethre-Chotzen syndrome who are negative for TWIST1. 14, 16 The relatively high number of TCF12 variants identified in the retrospective cohort may reflect the high proportion of individuals with coronal craniosynostosis or clinically suspected Saethre-Chotzen syndrome in this group (53%). This cohort is also skewed toward phenotypes associated with FGFR1-3 and TWIST1, as these were the genes being tested at the time of the original referral. This study could underestimate the diagnostic yield in individuals with noncoronal, unisutural craniosynostosis, given the lower proportion of individuals with these diagnoses in both the retrospective and the prospective cohorts. The number of variants identified in EFNB1 was unexpected because these individuals had not been clinically diagnosed with craniofrontonasal syndrome prior to referral in the majority of cases. This suggests that EFNB1 has a wider role in undiagnosed craniosynostosis, and a broader phenotypic spectrum, than previously recognized. It is also notable that there were no clinically significant variants in 9 of the 17 non FGFR1-3 genes on the panel in the retrospective cohort, and in 12 of 17 genes in the prospective cohort. This has implications for future MPS panel design, as a more limited gene list targeted at those with the most frequent diagnoses may have the highest utility for a typical craniofacial-clinic referral base. The low diagnostic rate in both the retrospective and the prospective cohorts for unisutural noncoronal craniosynostosis is consistent with our group's previous findings, 1 and reflects that the etiology for these presentations is not completely understood.
There are some limitations to the analytical method. The deliberate omission of TWIST1 for technical reasons means that additional testing is indicated in individuals suspected to have Saethre-Chotzen syndrome; however, given that up to 28% of variants in TWIST1 are large deletions, 20 additional testing for copy-number detection would nevertheless be utilized for this clinical presentation. Potentially clinically significant variants, such as noncoding variants located more than 10 bp from a coding region, could have been removed during the filtering process. Although variants with minor allele frequencies higher than 0.1% in the general population were excluded, variants leading to autosomal dominant craniosynostoses are expected to occur at a much lower population frequency and are unlikely to have been excluded. Similarly, this threshold is unlikely to influence the detection of pathogenic variants for the rare autosomal recessive phenotypes considered by this panel. Structural variants, deep intronic variants, and regulatory-region variants have not been considered, and the contribution of these mechanisms is therefore not established in this study. Alternative panel and bioinformatic analytical parameters may increase the reliability of large deletion or complex indel detection. Finally, the presence of recurrent sequencing artifacts supports the view that each laboratory should maintain its own recurrent false-positive variant data set for MPS assays.
This first study of an MPS panel for craniosynostosis has shown that testing additional genes beyond FGFR1-3 and TWIST1 can yield molecular diagnoses in up to 15% of variant-negative individuals at a moderate cost of approximately US$300. We recommend TCF12 testing in individuals with coronal synostosis or Saethre-Chotzen syndrome, either simultaneously with FGFR1-3 and TWIST1 or as a reflex test. We also recommend that an effective MPS panel for craniosynostosis should at a minimum include the genes FGFR1-3, TCF12, EFNB1, and TWIST1 (where feasible), if it is to maximize diagnostic yield while reducing cost and the likelihood of identifying variants of uncertain significance.
Including ERF, ALX4, and EFNA4 may result in diagnoses in a small number of additional cases. Clinically significant variants were rarely identified in nonsyndromic, noncoronal craniosynostosis, and we do not recommend testing these genes in this population at this time. We have successfully completed clinical validation of this custom MPS craniosynostosis panel, and demonstrated that it can achieve sufficient sensitivity, specificity, and increase in diagnostic yield to have clinical utility in craniofacial clinics.
